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Abstract
We briefly summarize our recent study on the number of constituent quark (NCQ) scaling of hadron elliptic flows in
high multiplicity p-Pb collisions at
√
sNN = 5.02 TeV. With the inclusion of hadron production via the quark coalescence
model at intermediate pT , the viscous hydrodynamics at low pT , and jet fragmentation at high pT , our Hydro − Coal −
Frag model provides a nice description of the pT -spectra and differential elliptic flow v2(pT ) of pions, kaons and
protons over the pT range from 0 to 6 GeV. Our results demonstrate that including the quark coalescence is essential
for reproducing the observed approximate NCQ scaling of hadron v2 at intermediate pT in experiments, indicating
strongly the existence of partonic degrees of freedom and the formation of quark-gluon plasma in high multiplicity
p–Pb collisions at the LHC.
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1. Introduction
The strong collective flow, the number of constituent quark (NCQ) scaling of the elliptic flow, and the
quenching of energetic jets are generally considered as three essential evidences for the formation of quark-
gluon plasma (QGP) in relativistic heavy ion collisions [1, 2]. Whether these signatures can still be observed
in collisions of small systems, such as p–Au, d–Au, 3He–Au at RHIC and p–p and p–Pb at the LHC, is a
question of great current interest. Because of the limited size and lifetime of produced matter in these
collisions, hard probes based on the parton energy lost in QGP can no longer leave discernible effects [6].
However, various striking features of collectivity have recently been observed in the high-multiplicity events
from collisions of small systems [3]. Although the color glass condensate (CGC) model based on the
initial-state effect has been shown to lead to finite azimuthal angle anisotropy [4], the hydrodynamic model
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with a QGP equation of state can also successfully explain the observed collectivity in these collisions [5].
More recently, the v2(pT ) of identified hadrons have also been systematically measured in p-Pb collisions at√
sNN= 5.02 TeV [7], and an approximate NCQ scaling of v2 is observed at intermediate pT . This provides
the possibility to further study if the partonic degrees of freedom play any cruicial roles and the QGP has
been formed in collisions of small systems. Using our newly developed hybrid model Hydro − Coal −
Frag [8], we have carried out a comprehensive study on the NCQ scaling of v2 in high multiplicity p-
Pb collisions at
√
sNN = 5.02 TeV. Results from our study show that it is necessary to include the quark
coalescence contribution to hadron production in order to reproduce the observed approximate NCQ scaling
of hadron elliptic flows at intermediate pT . Our study thus demonstrates the importance of partonic degrees
of freedom in small collision systems and is also helpful to disentangle the origin of collectivity in high
multiplicity p–Pb collisions. In the present proceedings, we briefly review our work in Ref. [8].
2. Methodology
Our study is based on the hybrid model Hydro−Coal− Frag developed by us in Ref. [8] for relativistic
heavy ion collisions, which includes the production of hadrons at low pT from hydrodynamics, at interme-
diate pT from quark coalescence, and at high pT from jet fragmentation. The model has been shown to
simultaneously describe the pT -spectra and v2(pT ) of pions, kaons and protons in high multiplicity events
of p-Pb collisions over the pT range from 0 to 6 GeV [8]. For hadron production from quark or parton coa-
lescence, it includes thermal-thermal, thermal-hard and hard-hard parton recombinations, with the thermal
partons generated from the VISH2+1 hydrodynamics [9] and the hard partons obtained from calculations
based on the LBT energy loss model [10, 11]. In the coalescence calculations, mesons and baryons at inter-
mediate pT are produced from combing quark and anti-quark pairs or three (anti-)quarks with probabilities
given by the overlap of their Winger functions with the Wigner functions of coalescing quarks [12]. For
the phase-space distributions of quarks and antiquarks, they are taken from the VISH2+1 hydrodynamics for
soft partons with pT > pT1 and from the LBT energy loss model for hard partons with pT > pT2, where
pT1 and pT2 are tunable parameters in this model. For remnant hard partons not used for hadron produc-
tion from quark coalescence, they are fragmented to hard hadrons using the “hadron standalone mode” of
PYTHIA8 [13]. Soft hadrons at low pT are, on the other hand, produced from the hyper-surface of VISH2+1
hydrodynamics using the Cooper-Frye formula. To avoid double counting, only thermal mesons and baryons
with pT below 2pT1 and 3pT1, respectively, are included. All these produced hadrons are further fed into
the UrQMD model [14] to take into account the subsequent evolution of the hadronic matter until kinetic
freeze-out when hadrons stop scattering.
The two main tunable parameters pT1 and pT2 in the Hydro − Coal − Frag model are fixed by fitting
the pT -spectra of pions, kaons and protons as well as the p/pi yield ratio in high multiplicity p-Pb collisions
at
√
sNN =5.02 TeV. With the resulting values pT1 = 1.6 GeV, pT2 = 2.6 GeV, one can then predict the
differential elliptic flow v2 and the related NCQ scaled v2 for identified hadrons. The importance of hadron
production from quark coalescence can thus be studied by comparing results from the Hydro−Coal−Frag
model with those from the usual Hydro-Frag model that includes only low pT hadrons from hydrodynamics
and high pT hadrons from jet fragmentation.
3. Results and discussions
Figure 1 shows the differential elliptic flow v2(pT ) of various hadrons in 0-20% p-Pb collisions at√
sNN = 5.02 TeV, calculated with either the VISHNU hydrodynamics (panel (a)) or the LBT model with
only mini-jets (panel (b)). Compared to the experimental data shown in the figure, the VISHNU hydrody-
namics describes well the data below 2 GeV but overestimates it at intermediate pT , and gives too large
values at high pT . For the LBT model with mini-jets, its predicted elliptic flows are, on the other hand,
significantly below the data for the whole pT range below 6 GeV.
Figure 2 presents the elliptic flow v2(pT ) of pions, kaons and protons (upper panels) and their NCQ
scaled elliptic flow v2(pT )/n (lower panels) calculated with n = 2 for mesons and n = 3 for baryons. For
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Fig. 1. (Color online) Differential elliptic flow v2(pT ) from VISHNU (a) and LBT (b) model calculations. Data are taken from ALICE,
CMS and ATLAS collaborations [15, 16, 17].
clarity, experimental data from ALICE [15], CMS [16] and ATLAS [17] Collaborations are shown in left
panels, and results from the Hydro-Coal-Frag and Hydro-Frag models are given in the middle and right
panels, respectively. The Hydro-Coal-Frag model, which includes hadron production from hydrodynam-
ics, quark coalescence and jet fragmentation, is seen to describe nicely the measured elliptic flow v2(pT ) of
these identified hadrons from 0 to 6 GeV. Also, the quark coalescence contribution is important for reproduc-
ing the observed interception of pion and proton v2(pT ) at pT around 2.5 GeV. In contrast, the Hydro-Frag
model without the quark coalescence contribution fails to describe the v2(pT ) of identified hadrons above 3
GeV and also gives a smaller pT at which the pion and proton v2(pT ) intercept, no matter how the parameters
in this model are tuned.
For the NCQ scaling of hadron v2, panels (d) and (e) show that the Hydro-Coal-Frag model reproduces
the approximate scaling behavior between 1.4< pT /n <2.2 GeV observed in experiments. The slight viola-
tion of the NCQ scaling in the Hydro-Coal-Frag model is due to resonance decays and jet fragmentation.
On the other hand, the Hydro-Frag model without the quark coalescence contribution to hadron production
not only underestimates the magnitude of v2(pT )/n measured in experiments by about 50% but also leads to
a violation of the NCQ scaling at intermediate pT . The success of the Hydro-Coal-Frag model in repro-
ducing the experimental data on the v2(pT ) of identified hadrons and their NCQ scaling at intermediate pT
in high multiplicity p-Pb collisions at the LHC thus gives a strong indication for the importance of hadron
production from quark coalescence.
4. Summary
We have presented here some results from our detailed study on the NCQ scaling of elliptic flow v2 at in-
termediate pT in high multiplicity p-Pb collisions at
√
sNN = 5.02 TeV, based on the coalescence model that
uses soft thermal partons from the VISH2+1 hydrodynamics and hard partons from the energy loss model
LBT. With low pT hadrons from the hydrodynamics, high pT hadrons from jet fragmentation and intermedi-
ate pT hadrons from quark coalescence, our Hydro-Coal-Frag hybrid model can simultaneously describe
the pT -spectra and pT -differential v2(pT ) of identified hadrons over the pT range from 0 to 6 GeV. We have
demonstrated that the inclusion of the quark coalescence contribution to hadron production is essential for
reproducing the experimentally observed approximate NCQ scaling of v2 at intermediate pT . Our results
thus strongly indicate the existence of the partonic degrees of freedom and the possible formation of the
QGP in high multiplicity p-Pb collisions at the LHC.
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Fig. 2. (Color online) Differential elliptic flow v2(pT ) and the number of constituent quark scaled v2(pT ) of pions, kaons and protons
in 0-20% p-Pb at
√
sNN = 5.02 TeV, measured in experiments (panels (a) and (d)) or calculated with the Hydro-Coal-Frag model
(panels (c) and (e)) and the Hydro-Frag model (panel (c) and (f)). The ALICE, CMS and ATLAS data are taken from Refs. [15], [16]
and [17], respectively.
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